A B S T R A C T In two patients with classic renal tubular acidosis (RTA) and in two patients with RTA associated with the Fanconi syndrome, renal potassium wasting persisted despite sustained correction of acidosis:
INTRODUCTION
Renal tubular acidosis (RTA) is a syndrome of disordered renal acidification characterized biochemically by minimal or no azotemia, hyperchloremic acidosis, an inappropriately high urinary pH, bicarbonaturia, and reduced urinary excretion rates of titratable acid and ammonium (1-6). According to current views (7, 8) , this syndrome can reflect two physiologically distinct disorders of renal acidification: In patients with classic RTA1 (type 1 RTA, "distal" or "gradient" RTA), the urinary pH is inappropriately high during severe as well as mild degrees of acidosis and persisting bicarbonaturia is characteristic. The amount of bicarbonate excreted, however, is a trivial fraction of that filtered at normal as well as subnormal plasma bicarbonate concentrations, a finding indicating no substantial reduction in the rate at which the proximal (or distal) nephron reabsorbs bicarbonate (4, 6) . In contrast, in patients with RTA associated with the Fanconi syndrome (type 2 RTA, "proximal" or "rate" RTA), the amount of bicarbonate excreted at normal plasma bicarbonate concentrations is Renal potassium wasting commonly occurs in both types of RTA (1) (2) (3) (4) (11) (12) (13) (14) , and in both has been inferred to be a reversible consequence of the renal acidification disorder (1, 4, 6, (14) (15) (16) (17) (18) . In patients with classic RTA, this inference is based on the observation that correction of systemic acidosis with alkali therapy can lead to a reduction in urinary excretion of potassium and correction of hypokalemia (1, 2, 18) . In patients with RTA as part of the Fanconi syndrome, a similar response to corrective alkali therapy has been assumed (17) but apparently never demonstrated (3, 11, 12) .
In the presently reported studies of two patients with classic RTA and of two patients with RTA associated with the Fanconi syndrome, renal potassium wasting was observed to persist despite sustained correction of systemic acidosis with alkali therapy: In each patient, urinary excretion of potassium exceeded 80 mEq per day in the face of persisting hypokalemia, and each patient required more than the usual dietary intake of potassium to maintain normokalemia. These results indicate that in patients with either classic RTA or RTA associated with the Fanconi syndrome, correction of acidosis cannot be predicted to correct renal potassium wasting.
METHODS
A total of six modified balance studies were performed on four patients with RTA (two with classic RTA and two with RTA associated with the Fanconi syndrome), specifically selected for study because hypokalemia persisted during sustained correction of acidosis despite normal or even supernormal potassium intake. In each study, renal conservation of potassium was examined during potassium depletion evidenced by hypokalemia in the absence of alkalosis. In five studies (studies [1] [2] [3] [4] [5] , which included at least one study of each patient, correction of systemic acidosis was sustained throughout with alkali therapy. In studies 1-4 (M. P., R. G., L. C. S., L. C. S., respectively), hypokalemia was produced by reducing the patient's oral potassium supplement; in the study on M. P. and in one study on L. C. S. (study 3), all potassium supplements were discontinued. In studies 5 (K. E.) and 6 (L. C. S.), hypokalemia was present throughout. In the sixth study (L.C.S.), NaHCO3 was administered in gradually increasing amounts such that acidosis was corrected by the smallest amount possible.
Throughout each study period and for 5 days before, each patient ingested a constant diet of known electrolyte composition, which provided at least 85 mEq of sodium and 50 mEq of potassium daily (M. P., R. G., K. E.) or in the smallest patient (L. C. S.), whose weight was less than 40 kg, 2 mEq/kg of sodium and 1.0 mEq/kg of potassium daily. In all but study'6, the patients were receiving oral potassium supplements and bicarbonate when the studies were begun, and had not been acidotic for at least 2 months previously.
Blood samples were drawn in the morning before breakfast, at least 4 hr after the last dose of bicarbonate or supplemental potassium. Serum sodium, potassium, chloride, and creatinine concentrations, and serum carbon dioxide content were determined on venous blood; blood pH and carbon dioxide tension were determined on arterialized blood drawn from a superficial vein on the back of the hand, that had been heated with an electric heating muffler to at least 450C for more than 60 min. Urine was collected under a layer of mineral oil in 24-hr pools, preserved with thymol, and refrigerated until the pH and carbon dioxide content were determined, usually within 24 hr; the concentrations of sodium, potassium, chloride, and creatinine were measured subsequently.
Laboratory determinations were carried out as described previously (9, 19) . Plasma volumes were determined by the "51I albumin dilution technique. Each of the four patients studied required continued supplements of potassium to maintain the serium potassium concentration at normal levels, despite a normal dietary intake of potassium and the absence of systemic acidosis or alkalosis. This requirement for potassium supplements was evidenced by the occurrence or worsening of hypokalemia when oral potassium supplements were reduced or discontinued (M. P., Fig. 1 ; R. G., Fig. 2 ; L. C. S., Fig. 3, Table II ), or by the persistence of hypokalemia even when potassium supplements were continued (K. E., Table III ). Before the potassium supplements were reduced, and the serum potassium concentration was stable and normal or near normal, urinary potassium excretion closely approximated potassium intake (Figs. 1-3 , Table II ). Accordingly, the requirement for supplemental potassium was not a consequence of extrarenal losses of potassium.
In all six studies, impaired renal conservation of potassium was documented. In studies 1-5, in which arterial pH remained normal throughout (7.38-7.42 (21) (22) (23) (24) (25) (26) (27) . In M. P. (Fig. 1) , R. G. (Fig. 2) , and L. C. S. (Fig.  3 magnitude of negative potassium balance appeared to be modest as judged from cumulative urinary losses of potassium. When dietary potassium is restricted in most normal subjects, the occurrence of hypokalemia is less rapid, despite relatively greater cumulative urinary losses of potassium (21) (22) (23) (24) (25) (26) . But in normal subjects, in contrast to the patients studied with RTA, urinary excretion of potassium decreases to less than 40 mEq/day when hypokalemia occurs, even when it occurs rapidly and despite relatively modest negative potassium balance (27) . Moreover, when serum potassium concentration is rapidly reduced experimentally by hemodialysis and changes in arterial pH and bicarbonate concentration are prevented, the rate of excretion of urinary potassium varies directly with the serum potassium concentration (28) . Accordingly, in the presently reported patients with RTA, the inappropriately high urinary excretion rates of potassium during hypokalemia (Fig. 4) indicate impaired renal conservation of potassium.
In each of the first five studies, the urinary pH was usually equal to or greater than arterial pH (Figs. 1-3, Table II ) or at least greater than the minimal urinary pH attained during metabolic acidosis (K. E., Tables I  and III) .
In study 6 (L. C. S.) in which the plasma bicarbonate concentration was progressively increased from 19.2 to 24.1 mmoles/liter over a period of 19 days, the urinary pH increased gradually from 6.9 to 7.4; urinary potassium decreased slightly, from 46-58 mEq/day to 38-47 mEq/day, and the serum potassium concentration increased slightly, from 2.6-2.8 mEq/liter to 2.8-3.0 mEq/ liter (Fig. 5) . At no time did urinary potassium excretion decrease to rates that could be regarded as appropriately low for the degree of hypokalemia present (cf. Figs. 4 and 5) .
24-hr urinary aldosterone was supernormal in R. G. (Fig. 2) and L. C. S. (Figs. 3 and 4 , Table II), but was within normal limits in M. P. (Fig. 1) , K. E. (Table III) , and L. C. S. (Fig. 5) (21) or mild metabolic alkalosis (22, 27) (Fig. 4) . Renal day in the presence of potassium depletion sufficient to normal potassium intake, and a greater than normal inproduce hypokalemia (14, (31) (32) (33) (34) (35) . Because in adult sub-take will be required to correct potassium depletion and jects dietary potassium usually exceeds 50 mEq per day maintain normokalemia. For a given degree of impaira mild impairment in renal conservation of potassium ment in renal conservation of potassium, potassium balmay not cause hypokalemia unless potassium intake is ance can occur at either normal or subnormal serum poreduced to low-normal or slightly subnormal levels (14, tassium concentrations depending on the potassium intake 36, 37). With a more severe impairment in renal con- (36, 37) .
servation of potassium, hypokalemia may occur with The results of the present studies indicate that both in (21) (22) (23) (24) (25) (26) (27) . Some of the subjects represented by 0 were mildly alkalotic and were excreting significant amounts of urinary bicarbonate (27) ; the subj ects represented by + were moderately alkalotic and were excreting more than 50 mEq of urinary bicarbonate daily (22) ; the subjects represented by X were given large amounts of desoxycorticosterone after hypokalemia supervened (27 (14, 36, 37) . Such an impairment could differ from that in the presently reported patients only in degree.
In the absence of published evidence that any patients with classic RTA can conserve potassium normally under conditions in which the inferred gradient restriction on renal H' secretion is presumably removed, the presently reported demonstration that some patients continue to waste potassium under such conditions, suggests the possibility that the impairments in renal potassium conservation and in renal acidification are independent functional disorders caused by the same underlying abnormality. The disorder of renal acidification in classic RTA has been variously attributed to abnormalities in the intracellular metabolic processes that provide energy presumed necessary for active H' secretion (16, 38) and to structural abnormalities that increase the permeability of the luminal membrane to H' and permit its backdiffusion (6) . Conceivably, the same metabolic or structural abnormality of the distal nephron that precludes establishment of appropriately high intraluminal H' concentrations, could also preclude the establishment of appropriately low intraluminal potassium concentrations, since potassium transport at the luminal membrane of the distal nephron consists of both active reabsorption and passive diffusion from cell to lumen (39, 40) . Such an independent disorder of renal potassium conservation would in no way exclude the possibility that renal potassium wasting might be in part a reversible consequence of the renal acidification disorder per se.
In two patients with RTA associated with the Fanconi syndrome, the demonstration of renal potassium wasting during sustained correction of acidosis with alkali therapy provides no support for the belief that renal potassium wasting can be corrected in such patients solely by correction of systemic acidosis (17) . In fact, in patients with the Fanconi syndrome, correction of acidosis with alkali therapy might be predicted to increase urinary potassium excretion. In these patients, raising the plasma bicarbonate concentration to normal levels has the immediate and sustained effect of swamping the distal nephron with massive amounts of sodium bicarbonate, a consequence of markedly impaired bicarbonate reabsorption in the proximal nephron (9, 41) . In the presence of a continued stimulus for sodium reabsorption, delivery to the distal nephron of such supernormal amounts of sodium and the relatively impermeant bicarbonate anion would be expected to increase intra-luminal negativity and thereby stimulate potassium secretion and promote renal potassium wasting (39, 40, 42) . This possibility is supported by the demonstration in patients with the Fanconi syndrome, that urinary excretion of potassium and bicarbonate increased srikingly and concurrently when the plasma bicarbonate concentration was raised from subnormal to normal levels (41, 43) , and by the observation that at normal plasma bicarbonate concentrations the severity of renal potassium wasting in such patients varies directly with the urinary excretion rates of sodium and bicarbonate (41) .
In the patients with classic RTA, however, the persistence of renal potassium wasting during sustained correction of acidosis could not be attributed to the delivery of massive amounts of sodium bicarbonate to the distal nephron. In these patients, reabsorption of bicarbonate in the proximal nephron cannot be greatly impaired since even at normal plasma bicarbonate concentrations, renal reabsorption of filtered bicarbonate is nearly complete (4, 6, 8) . Moreover, when the plasma bicarbonate concentration is increased from subnormal to normal levels by oral (Fig. 5) or intravenous (41) administration of sodium bicarbonate, urinary bicarbonate excretion increases only slightly and urinary potassium excretion does not increase.
Both in the patients with Fanconi's syndrome and in the patients with classic RTA, the persistence of renal potassium wasting may have resulted in part from continuing hyperaldosteronism. In two patients (R. G., L. C. S.), the urinary excretion rates of aldosterone were clearly supernormal. In the other two patients, the urinary excretion rates of aldosterone were not frankly increased in comparison with the excretion rates observed in normal subjects ingesting similar amounts of sodium. But because both were potassium-depleted when the measurements were made, and because potassium depletion characteristically suppresses aldosterone secretion (29, 30) , the observed "normal" excretion rates of aldosterone may well have been abnormally high. Since a "normal" secretory rate of aldosterone apparently can sustain renal potassium wasting when potassium depletion is present (44) , the persistence of renal potassium wasting in these patients could reflect in part a continuing state of effective hyperaldosteronism. In the patients with Fanconi's syndrome, the effectiveness of hyperaldosteronism in promoting renal potassium wasting is undoubtedly augmented by the delivery to the distal nephron of large amounts of sodium with the relatively impermeant bicarbonate anion. In the patients with classic RTA, even the relatively modest increase in bicarbonate concentration in the distal nephron could, in the presence of at least normal distal delivery of sodium, potentiate the kaliuretic effect of hyperaldosteronism.
Conceivably, alkali therapy may correct renal potassium wasting in patients with classic RTA only when it also leads to correction of their hyperaldosteronism.
The cause of continuing hyperaldosteronism during sustained correction of acidosis in these patients is not defined by the present studies. None of the patients was hypertensive. It might be argued that the patients were sodium depleted at the time of study because sodium bicarbonate therapy had not been sufficiently prolonged to correct sodium deficits incurred during acidosis. In each of the patients, however, correction of acidosis had been sustained for at least 2 months when the studies were begun, and their plasma volumes were not measurably reduced. Moreover, if sodium depletion were present, it could not be ascribed to a foreshortened period of positive sodium balance because the urinary excretion rates of sodium approximated (Fig. 3) or exceeded (Fig. 2) sodium intake. Conceivably, renal sodium wasting persisted despite sustained correction of acidosis. In patients with classic RTA renal sodium wasting would not be predicted to persist if, as generally supposed, it occurs solely as the consequence of a gradient restriction on renal H+-Na' exchange (18) . To our knowledge, however, the ability of patients with classic RTA to conserve sodium has not been evaluated during dietary restriction of sodium and sustained correction of acidosis. Accordingly, a disorder of renal sodium reabsorption, independent from that of renal acidification, has not been excluded in classic RTA. If severe enough, such a disorder presumably could result in continued sodium depletion despite a normal sodium intake. In patients with RTA and Fanconi's syndrome, renal wasting of sodium during sustained correction of acidosis would not be surprising. Moreover, at sustained normal plasma bicarbonate concentrations in these patients, the continuing delivery of massive amounts of sodium and bicarbonate to the distal nephron (9, 41) might give rise to the following sequence: increased concentration of sodium at the macula densa (45, 46) , increased release of renin by the juxtaglomerular cells (47) , increased production of angiotensin, and increased secretion of aldosterone.
When potassium supplements were reduced in the patients studied, hypokalemia occurred rapidly with only a modest cumulative urinary loss of potassium. When potassium is restricted in normal subjects, the serum potassium concentration decreases relatively slowly, not because near maximal renal conservation of potassium occurs promptly, but because the amount of potassium lost from the extracellular fluid is almost balanced by the amount of potassium transferred into the extracellular fluid from intracellular stores. If net movement of potassium out of cells into the extracellular fluid did not occur, the amount of potassium excreted in the urine during the first 24 hr would, in most instances, nearly exhaust the extracellular fluid of its relatively modest potassium content. But with prolonged hyperaldosteronism, as in the patients of the present study, the largest intracellular store of mobilizable potassium, skeletal muscle, may be substantially depleted of potassium, even though extracellular potassium concentration is maintained at normal levels with potassium supplements (48) . Accordingly, reduction of potassium supplements might result in rapidly occurring hypokalemia with only modest cumulative urinary losses of potassium.
Rapidly occurring hypokalemia may dictate the occurrence of only modest cumulative urinary loss of potassium, even in patients with renal potassium wasting. Rapid reductions in serum potassium concentration are predictably attended by immediate and striking reductions in urinary potassium excretion (28, (49) (50) (51) (52) (53) in a variety of experimental and clinical conditions in which known stimuli to net renal secretion of potassium can be presumed to be not increasing. In normal dogs rapidly rendered hypokalemic by hemodialysis, with but minimal external loss of potassium and no measured changes in systemic acid-base equilibrium (28) , and in patients with periodic paralysis and rapidly occurring hypokalemia and no external loss of potassium (49) (50) (51) (52) , urinary potassium excretion decreases rapidly and strikingly when hypokalemia occurs, the excretion rate of potassium varying directly with the serum potassium concentration. In patients with severe and continuing potassium depletion (laxative abuse) in whom hypokalemia was transiently corrected with small amounts of potassium, Antoine and Patte (53) found that the urinary excretion rate of potassium varied directly with and was highly correlated with serum potassium concentration. When the administration of potassium was discontinued, hypokalemia recurred rapidly and urinary excretion of potassium decreased promptly and strikingly such that the cumulative urinary loss of potassium was only modest. It would appear then that whenever reduction of potassium intake leads to the occurrence of hypokalemia, the magnitude of the cumulative urinary loss of potassium that occurs depends critically on, and varies directly with, the extent to which the occurrence of hypokalemia is delayed by the net movement of potassium out of intracellular stores. To the extent that prolonged hyperaldosteronism acts to deplete the intracellular stores of mobilizable potassium, it acts to accelerate the occurrence of hypokalemia when potassium is restricted but to limit the cumulative urinary loss of potassium. To the extent that a reduction of aldosterone secretion (from supernormal values) attends the reduction of serum potassium, such a reduction might act to allow partial replenishment of intracellular stores of potassium; hence, net movement of potassium out of cells might be further curtailed and further reduction of serum potassium concentration accelerated. To the extent that hyperaldosteronism contributes to renal potassium wasting, any reduction of aldosterone secretion attending reduction of serum potassium concentration would tend to mitigate renal potassium wasting and thereby also limit the cumulative urinary loss of potassium.
